SrAl 2 O 4 :Eu,Dy is presumably the best known persistent luminescent phosphor. At room temperature, its green emission remains visible for hours after switching off the excitation. It is known that upon lowering the temperature of the phosphor a second photoluminescence emission band arises in the blue part of the visible spectrum, although its origin is still the subject of discussion. In this paper we thoroughly study the origin of both emission bands in SrAl 2 O 4 :Eu,Dy and we attribute this to europium ions substituting for the two different Sr sites in the phosphor's monoclinic host lattice. The photoluminescence properties, the thermal quenching behavior, and photoluminescence lifetime of both emission bands are investigated. A lanthanide energy level scheme is constructed for both sites. Using an integrated approach, i.e., combining charging, afterglow, and thermoluminescence measurements in the same run, we study the charging or trap filling processes in SrAl 2 O 4 :Eu,Dy upon excitation with site selective excitation wavelengths and at different temperatures. We show that trap filling is a thermally activated process when the green emitting center is excited at 435 nm.
I. INTRODUCTION
The discovery of europium and dysprosium codoped strontium aluminate (SrAl 2 O 4 :Eu,Dy) in 1994 marked the beginning of the second generation of persistent or afterglow phosphors, also called glow-in-the-dark materials [1] [2] [3] . Although many new persistent phosphors have been reported since then [1, 4] , rare earth doped strontium aluminates are still by far the most studied and commercialized compounds. SrAl 2 O 4 :Eu,Dy is widely used in various glow-in-the-dark applications, ranging from emergency signage and watch dials to toys. Besides commercial applications, persistent luminescent phosphors-including SrAl 2 O 4 :Eu,Dy-have also been demonstrated to be useful for in vivo imaging [5] [6] [7] . Another peculiar phenomenon in this compound is mechanoluminescence. This type of luminescence is closely related to persistent luminescence and has been studied intensively in the framework of pressure sensing [8] [9] [10] [11] [12] .
At room temperature, SrAl 2 O 4 :Eu shows a characteristic Eu 2+ based broad emission band with a maximum at 520 nm and a FWHM of about 85 nm. The addition of Dy 3+ does not alter the emission spectrum, but considerably enhances the persistent luminescence intensity [2] . At room temperature, the afterglow of SrAl 2 O 4 :Eu,Dy lasts for several hours, which is the result of the gradual, thermally assisted release of trapped charges in the phosphor. This long afterglow is in contrast to the duration of only a few minutes for the variant without codopant [13] . Even longer afterglow durations can be obtained by tuning the synthesis conditions, e.g., by boron addition [14] . * These authors contributed equally. † Corresponding author: philippe.smet@ugent.be Although the persistent luminescent material SrAl 2 O 4 :Eu,Dy has been described about 20 years ago, the details of the mechanism of this state-of-the-art persistent phosphor are still not fully clear. Detailed knowledge of the underlying mechanism of persistent luminescence is lacking, more specifically on the trapping and detrapping processes. First of all, it is still unclear whether the traps are related to host defects, the trivalent codopant, or a combination of both [15] [16] [17] . Different opinions also exist on the trapping and detrapping routes, regarding the role of the conduction band and whether tunneling processes also play a role [18, 19] . Although several research approaches are available to study the trapping and detrapping processes, the reports in literature commonly consider only one or two of the following aspects of the trapping process in sufficient detail. When exciting a persistent phosphor, one observes that the luminescence intensity does not immediately reach a constant value (the so-called "charging behavior"). Secondly, after ending the excitation of the phosphor, the emission intensity slowly decreases (the "afterglow"). Thirdly, the thermoluminescence (TL) spectrum allows one to study persistent phosphors in a reasonable time frame, by monitoring the emission as a function of increasing temperature for a charged phosphor. Nevertheless, all three processes are intimately connected by the same underlying trapping and detrapping processes. When devising a model, it should simultaneously take all three processes into account.
Therefore we designed a dedicated experiment that combines a charging, an afterglow, and a TL measurement. This experiment was subsequently performed at different temperatures, ranging from 193 to 353 K. Note that the afterglow behavior is normally studied at room temperature only. The significant release of charges from traps at this temperature, however, unnecessarily complicates matters, which incited us to perform these experiments also below room temperature. It turns out that these integrated experiments provide valuable information on the trapping and detrapping processes in persistent phosphors, and are here performed on the model phosphor SrAl 2 O 4 :Eu,Dy. Finally, it became clear that the energy levels associated to an additional blue emission band, which is fully thermally quenched at room temperature, are playing an important role as well.
In addition to a better understanding of the trapping and detrapping processes in this specific strontium aluminate phosphor, the approach used in this paper is easily transferable to other persistent phosphors, where an integrated chargingafterglow-TL experiment would also allow a better quantitative discussion.
Studying the role of the excitation wavelength on the trapping efficiency is also important from an application's point of view, especially for indoor applications such as safety signage, as the shift from fluorescent lighting to lightemitting diode (LED) based lighting also changes the range of available wavelengths to induce the persistent luminescence. For outdoor applications, e.g., in road signage, a much larger fraction of (near)ultraviolet light is available in the solar spectrum. For bioimaging based on red or infrared emitting persistent phosphors, the required excitation wavelength can be even longer [20] . Therefore the composition and evaluation of persistent phosphors should consider explicitly the role of the excitation wavelength on the trap filling, appropriate for the type of application.
It was recently proposed that afterglow phosphors can be used to fill the dead time in ac-driven light-emitting diodes, to reduce flickering [21, 22] . In that respect it is important to notice that under steady state excitation of a persistent phosphor, a large fraction of the light emission during excitation consists of afterglow emission, involving continuous trapping and detrapping. This can potentially lower the overall quantum efficiency of the phosphor, as not every trapped charge carrier eventually leads to an emitted photon. An approach to evaluate the quantum efficiency of this process is proposed in this work.
II. EXPERIMENT
The crystal structure of the studied SrAl 2 O 4 :Eu,Dy powders (GloTech Intl.) was verified by θ -2θ x-ray diffraction (XRD) measurements (Siemens D5000, Cu Kα radiation). The measured XRD pattern (not shown) matches the structure of the SrAl 2 O 4 host lattice (ICSD No. 26466) [23] , without traces of other crystalline phases. The substitution of a small amount of Sr atoms by Eu or Dy atoms in the crystal lattice does not have a detectable influence on the XRD spectra and thus we assume that at least for low doping concentration the crystal structure is unaltered.
Photoluminescence (PL) excitation and emission spectra were recorded with a steady state fluorescence spectrometer (Edinburgh Instruments FS920). The thermal quenching measurements on SrAl 2 O 4 :Eu,Dy were conducted using the above-mentioned fluorescence spectrometer combined with a cryostat (Oxford Instruments Optistat CF) in which the sample was heated following a linear temperature profile from 70 to 470 K at a rate of 2 K/min. The sample was excited prior to and during the measurement using a 370 nm LED with high intensity (I LED = 20 mA), to limit temporary effects of trapping and detrapping on the luminescence intensity. An emission spectrum was recorded every 1.5 minutes (i.e., every 3 K).
Temperature-dependent luminescence lifetimes were measured using a pulsed nitrogen laser (repetition frequency of 1 Hz) as an excitation source (λ = 337 nm), an intensified CCD (Andor iStar) attached to a Jarrel-Ash monochromator, and the above-mentioned cryostat to control the sample temperature. Given that considerable afterglow emission is present at elevated temperatures, "luminescence lifetime" refers to the decay in the emission intensity within a short time after the pulsed excitation (i.e., within a few microseconds).
In order to investigate the temperature dependency of the charging and afterglow behavior of the phosphor, the following experiment was conducted ( Fig. 1) : At a certain temperature T a pressed pellet of SrAl 2 O 4 :Eu,Dy powder is charged using a constant illumination intensity. Subsequently, the light source is switched off, and the afterglow is recorded for 30 min at the same temperature T , immediately followed by a TL glow curve measurement, starting at T . A series of these combined experiments was performed, each one having a different temperature T for charging and afterglow. Before each combined experiment the sample was heated to assure that all relevant traps were empty at the start of each experiment.
These experiments were performed using a home-built setup. The cooling and heating stage, built into a small vacuum chamber, enables charging and afterglow measurements at temperatures in the range from 193 to 353 K and thermoluminescence glow curve measurements up to 420 K at a heating rate of 0.2 K/s. The light emitted from the phosphor during charging, afterglow, and TL measurement was collected and guided by an optical fiber to a ProEM1600 EMCCD camera attached to an Acton SP2300 monochromator (Princeton Instruments). During the entire experiment, a full emission 085147-2 spectrum was measured every 0.5 s, enabling investigation of both spectral shape and intensity of the emission during the entire experiment. The excitation source for the charging was a near-UV LED (peaking at 370 nm), which allowed sufficient spectral separation between the emission of the phosphor and the excitation light, or an indigo LED (peaking at 435 nm). A long excitation duration of 15 min was chosen to assure "full" charging of the phosphor.
III. RESULTS

A. Photoluminescence of SrAl 2 O 4 :Eu,Dy
At room temperature and upon excitation at 370 nm, the PL emission of SrAl 2 O 4 :Eu,Dy (Fig. 2) consists of a single broad green emission band. Its peak position (λ max = 521 nm) and bandwidth (FWHM = 80 nm) are in line with literature reports [24, 25] . This emission is characteristic for 5d-4f transitions in divalent europium. Upon lowering the temperature a second, blue, emission band becomes visible (λ max = 445 nm). Although less well studied as the green emission band, its presence has been reported earlier in several papers [16, 17, 26] . In the figure, the temperature dependency of both blue and green emission upon excitation with 370 nm is visible. The intensity of the blue emission band decreases quickly upon increasing temperature and vanishes at temperatures around 275 K, leaving only the green emission band at higher temperatures. Figure 3 shows the PL emission and excitation spectra of SrAl 2 O 4 :Eu,Dy at 10 K. In the emission spectrum (solid line, λ ex = 370 nm) both blue and green emission bands are visible (λ max = 445 nm, FWHM = 35 nm; and λ max = 524 nm, FWHM = 60 nm, respectively). As the green and blue emission bands are hardly overlapping, it is possible to measure the PL excitation spectrum for both emission bands separately. The PL excitation spectrum for the blue emission band (λ em = 445 nm) extends from 250 nm up to 420 nm, while the PL excitation spectrum for the green emission band (λ em = 520 nm) ranges from 250 nm up to 460 nm. Consequently, excitation with wavelengths shorter Figure 4(a) shows the correlation between the thermal quenching and the luminescence lifetime of the blue emission band of SrAl 2 O 4 :Eu,Dy. The thermal quenching curve is constructed by plotting the integrated blue emission as a function of temperature. The blue emission shows the first signs of thermal quenching at a temperature around 80 K and is completely quenched around 275 K, as could also be observed in Fig. 2 . The luminescence lifetime of the blue emission is 380 ns at low temperature, and starts to decrease when thermal quenching sets in at 80 K. Although the decay then becomes multiexponential (not shown), the lifetime of the main component decreases more or less along the thermal quenching profile [ Fig. 4(a) ].
Figure 4(b) shows the temperature dependence of the emission intensity of the green emission band upon excitation with 370 nm (main figure) and 435 nm (inset). Upon excitation with 370 nm the emission intensity starts to decrease from temperatures around 80 K, similar to the quenching of the blue emission band; however, complete quenching of the green emission only occurs at temperatures above 450 K. The thermal quenching profile is rather unconventional, with three partial drops in the emission intensity (at around 80, 220, and 400 K). These three partial drops were also observed when measuring the thermal dependence in the opposite direction, i.e., by going from high to low temperature, so that artificial effects related to afterglow or trap filling can be ruled out. Upon excitation with 435 nm [inset of Fig. 4(b) ] the green emission remains nearly constant in the temperature range from 70 to 220 K (i.e., without the first drop observed at 80 K, as in the case of excitation at 370 nm), then shows a drop in intensity but only quenches completely for temperatures presumably higher than 500 K. temperatures (<100 K) the decay profile can be fitted with a single exponential with a lifetime of 1140 ns. At higher temperatures, a deviation from the single exponential decay is observed with the emergence of a faster decay component while the 1140 ns component is still preserved. To quantify the effect, the decay profiles were fitted with two exponentially decaying components, obeying
The fraction in the total emission intensity assigned to component τ i can then be calculated as
The fraction in the total emission intensity assigned to each component is indicated as a percentage in Fig. 4(b) . At higher temperature, the lifetime for the fast component shortens, combined with an increase in the fraction it represents in the total emission. (Fig. 1) using the 370 nm LED as excitation source. The color codes in all three individual figures are the same. Figure 5 (a) shows the charging curves, i.e., the integrated emission intensity as a function of time, at different temperatures. The different curves are plotted with respect to the same vertical axis without being displaced. Figure 5(b) shows the afterglow curves measured at different temperatures plotted in a semilogarithmic graph for better visibility. Figure 5 (c) shows the measured TL glow curves, immediately started after the 30 min of afterglow measurement.
In Fig. 5 (b) the temperature dependence of the afterglow emission of SrAl 2 O 4 :Eu,Dy is clearly visible. The initial afterglow intensity is highest for the higher temperatures as more thermal energy is then readily available to release electrons from traps. A side effect is a faster decay, derived from the steepness of the afterglow curves, because of a faster emptying of the filled traps. At low temperature, the thermal energy is not sufficient to efficiently release trapped electrons and hardly any afterglow emission is observed at temperatures below 243 K. Only during a very short period immediately after the excitation a weak afterglow signal is measured at these temperatures, which might be the result of the release of electrons from a limited number of very shallow trap levels.
From the TL glow curves in Fig. 5 (c) one can see that multiple trap levels or a distribution of trap levels are present in SrAl 2 O 4 :Eu,Dy. When measuring a TL glow curve starting at temperatures below 250 K the glow curves peak around 310 K and a prominent shoulder at the low-temperature side of the glow curve (around 275 K) can be seen. Upon charging at higher temperatures the peak shifts to higher temperatures. Figure 6 shows for every combined experiment (i.e., at every temperature) the accumulated light emission during the 30 min afterglow (blue dots) and during the TL measurement (red triangles). The black diamonds in the figure show the total accumulated light emission from the phosphor, i.e., the sum of the accumulated light emission during afterglow and TL, and is a measure of the amount of filled traps at the end of the excitation.
The same series of combined experiments were conducted using a 435 nm LED as the excitation source-which excites only the green emission ( temperature was below 220 K, in contrast to the significant TL intensity upon charging with 370 nm at the same temperature. Using the same analysis as for excitation upon 370 nm, the total amount of trapped charges is the sum of the afterglow and the thermoluminescence (Fig. 7) .
IV. DISCUSSION
The discussion section of this paper is organized as follows. In Sec. IV A, we first investigate in detail what could be the origin of both emission bands in SrAl 2 O 4 :Eu,Dy, as this is up to now still an open debate. This will be done on the basis of the structure of the excitation spectrum for both emission bands combined with crystallographic information on the phosphor's host lattice. A vacuum referred energy level scheme is derived using the approach presented by Dorenbos, containing the position of the energy levels for the divalent and trivalent energy levels with respect to the host's valence and conduction bands. In Secs. IV B and IV C, we use this energy level scheme to understand the relevant processes for the persistent 085147-5 luminescence in SrAl 2 O 4 :Eu,Dy, in particular the thermal quenching behavior (Sec. IV B) and the charging or trap filling behavior (Sec. IV C). In Sec. IV D we provide an estimate for the quantum efficiency of the persistent luminescence. The influence of the excitation wavelength during charging on the trap filling is discussed in Sec. IV E. Finally, all results are merged into a mechanism for the trap filling (Sec. IV F).
A. Energy level scheme
Previously suggested origins of both emission bands
Different hypotheses concerning the two emission bands in europium doped SrAl 2 O 4 can be found in literature. Given that there are two nonequivalent strontium sites in the SrAl 2 O 4 crystal structure, it seems straightforward to assign the occurrence of both emission bands to the substitution of Eu on these two lattice sites. Different coordination for both sites is then expected to sufficiently change the crystal field strength and centroid shift to arrive at the observed spectral differences. Nevertheless, several authors discarded this hypothesis because both sites are seemingly too similar to explain the large energy difference when judging on the emission bands [15, 16, 18] . As an alternative explanation, Poort et al. [26] suggested that the two emission bands result from a possible preferential orientation of the d orbitals of Eu 2+ on Sr sites that appear to line up. Clabau et al. [16] proposed that the blue emission band arises from the charge transfer from the fundamental level of the 4f 7 configuration of Eu 2+ to the valence band and is associated to a hole detrapping mechanism. Hölsä et al. [27] considered the blue emission band as anomalous low-temperature luminescence and proposed that it originates from a higher Eu 2+ 5d state that may be observed due to the absence of high energy lattice vibrations at low temperatures.
In order to ascertain whether the incorporation of the europium activator on the two similar, but nonequivalent Sr sites can give rise to different luminescent properties and explain the occurrence of the blue and green emission bands in SrAl 2 O 4 :Eu 2+ , a quantitative approach is followed. As a first step, the crystal structure of SrAl 2 O 4 is described in Appendix A. Herein, the differences and similarities between the two nonequivalent Sr sites are addressed.
Spectroscopic parameters for SrAl 2 O 4 :Eu
2+
The low-temperature (10 K) PL emission and excitation spectra of SrAl 2 O 4 :Eu 2+ were displayed in Fig. 3 . The blue (λ max = 445 nm) and green (λ max = 524 nm) emission bands give rise to two clearly different excitation spectra. From the shape and position of the excitation spectrum, we can now determine the influence of the local environment on the relevant energy levels of the europium ions, depending on the site.
When the excitation spectra are compared, the most important difference occurs for the spectroscopic redshift, being 1.22 and 1.42 eV for the blue and green emission bands, respectively (Table I) . In Appendix B, a detailed analysis of the spectroscopic redshifts, associated with the green and blue emission bands is performed in terms of the centroid shift and crystal field splitting. Both quantities are functions of the bond length between the Eu ion and its oxygen nearest neighbors. From this analysis, the different shape of the excitation spectra could be explained based on the differences in bond length of the Sr1 and Sr2 sites. The excitation band of the green emission could be assigned to the Sr1 site, and the excitation band of the blue emission to the Sr2 site. The result of this analysis is summarized in Fig. 8 .
Stokes shift in SrAl 2 O 4 :Eu
2+
What has not yet been explained with this energy level scheme is the striking difference between the Stokes shifts of the two emission bands (Table I) . For the blue and green emission centers, values of 0.43 and 0.21 eV are found, respectively. This is the major contribution to the observed difference in emission wavelength between the two bands. Poort et al. [26] attribute this difference in Stokes shift to a preferential orientation of a 5d orbital on one lattice site, but not on the other, due to interaction with the next nearest neighboring Sr 2+ ion. This assumption was made not only to explain the difference in Stokes shifts, but also the difference in the low energy offset of the excitation spectra. However, our reasoning above showed that the differences in bond lengths of the nine oxygen ligands are sufficient to explain the difference in excitation spectra. This implies that the difference in Stokes shifts should presumably have another cause than the one proposed by Poort et al. [26] .
An alternative explanation might be related to differences in the angular charge distribution in the first coordination sphere of the Sr1 and Sr2 sites. For the Sr1 site, a relatively strong asymmetry exists in the charge density, which is not the case for the Sr2 site, where the charge distribution is more homogeneous. This observation hints towards an explanation for the difference in Stokes shift (Table I) . If the asymmetry provokes an unbalance for the excited Eu 2+ dopant on the Sr1 site, the equilibrium position of the ion could shift for the excited state. This yields a bigger Stokes shift for the ion on the Sr1 site (green emission), as can be seen from the parabola in a typical configuration coordinate model. In addition, this should also lead to a larger FWHM of this emission band. This is indeed the case (0.27 eV for the green emission band, which 085147-6
FIG. 8. (Color online) Energy level scheme for Eu
2+ on the Sr1 (yielding green emission) and on the Sr2 (yielding blue emission) sites in monoclinic SrAl 2 O 4 . The meaning of the different quantities and the connection with the excitation spectra is displayed.
is 29% higher than for the blue emission band; see Table I ), providing further proof to the hypothesis.
Energy level schemes for lanthanides in SrAl 2 O 4
At this stage, we have obtained an energy level scheme (Fig. 8) [15] . However, in this model, no distinction was made between the two nonequivalent Sr sites where the dopant can reside, nor was sufficiently accurate experimental data available to reliably pin the energy levels. Furthermore, recent developments in the methodology for constructing energy level schemes offer the possibility to obtain more accurate predictions. The details of this calculation, which is done within the framework of the chemical shift model can be consulted in Appendix C. The resulting energy level schemes are shown in Fig. 9 . As one can see, different schemes are found for the two sites in the material. For both sites, the ground state for Eu 2+ is situated less than 1 eV above the middle of the band gap, which leads to an expected divalent valence state for europium when incorporated in SrAl 2 O 4 [29] . However, from experimental evidence it is clear that sufficiently reducing preparation conditions have to be used to stabilize the divalent state, and that the occurrence of both valence states is not uncommon [30] . For both sites, the Eu 2+ ground states are at more or less the same energy, which is in line with the chemical shift model. The main difference occurs for the position of the 5d level, which is much closer to the conduction band for the blue emission center than for the green emission center. Therefore we expect a much lower thermal quenching temperature for the blue emission center. Note that the positions of the 5d levels were derived without making use of the thermal quenching behavior a priori.
B. Thermal quenching behavior
As can be seen in Figs. 4(a) and 4(b) there is a clear difference in thermal quenching behavior between the blue and the green emission band. The blue emission is fully quenched at 275 K, while the full quenching for the green emission only occurs at temperatures well above 450 K. This is in correspondence with the constructed energy level scheme (Fig. 9) . Hence, as the probable mechanism for thermal quenching is ionization (or, in other words, thermal excitation of the 5d electron from the lowest 5d level to the conduction band) [31] less thermal energy is needed to quench the blue emission as its (unrelaxed) 5d level is considerably closer to the conduction band (Fig. 9) .
In Fig. 4(a) both the integrated emission intensity and the luminescence lifetime of the blue emission are plotted as a function of temperature. As can be seen the thermal quenching and luminescence lifetime roughly follow the same trend with a little displacement in temperature of about 50 K. This correlation between thermal quenching and luminescence lifetime can be expected, due to the increased probability of nonradiative decay paths at elevated temperature, thus lowering the emission intensity and reducing the luminescence lifetime values. Many clear examples can be found in literature [32, 33] .
The thermal quenching behavior of the green emission [ Fig. 4(b) ] is somewhat more complicated. First of all, the thermal quenching behavior depends on the excitation wavelength which can be seen upon comparison of the main figure and the inset of Fig. 4(b) . Upon excitation with 370 nm nearly the same quenching behavior is observed in the 75-275 K temperature range as for the blue emission band. This is not surprising, as the blue emission band shows a significant overlap with the excitation spectrum of the green emission (Fig. 3) . Consequently, energy transfer from the blue emitting to the green emitting Eu ions can occur. At temperatures where blue emission is visible, the green emission is comprised of intrinsic green emission (due to absorption by Eu ions on the Sr1 site) and the emission resulting from energy transfer (from Eu ions on the Sr2 site to Eu ions on the Sr1 site). Therefore, as the blue emission quenches upon increasing the temperature up to 300 K, the same quenching behavior is (partially) noticed in the green emission. For temperatures above 300 K the blue emission is completely quenched and the intensity of the remaining green emission band is relatively stable until it starts decreasing around 400 K. Here the "genuine" thermal quenching of the green emission sets in [31] , which originates from the ionization related to the distance between the 5d level and the bottom of the conduction band (Fig. 9 ). Considering this anticipated thermal quenching behavior in the high-temperature region, one would expect-when only exciting the green emission center (λ ex = 435 nm)-that the intensity of the green emission band remains stable up to temperatures around 350 K and only then shows a typical quenching behavior, as depicted by the black dotted curve in Fig. 4(b) . However, upon excitation with 435 nm, a limited decrease in emission intensity is observed from temperatures around 220 K [inset of Fig. 4(b) ]. The origin of this decrease will be discussed in Sec. IV D.
The complex thermal quenching behavior of the green emission is reflected in the temperature dependency of its luminescence lifetime [ Fig. 4(b) ]. As described above, at low temperatures the decay of the luminescence is monoexponential with a decay constant of 1140 ns. Above 100 K the decay profile shows two components: a first component for which the lifetime remains stable (1140 ns) upon increasing the temperature and a second, temperature-dependent faster decaying component. For this second component, the higher the temperature, the faster this decay becomes and the larger the fraction it represents in the total emission. The stable decay component is in line with what we would expect when no thermal quenching is present. Since the observed drop in emission intensity around 220 K is presumably a consequence of the trapping processes that start to play a role around that temperature (as will be shown in Sec. IV F), the manifestation of the second fast component might also be related to trapping processes.
C. Charging behavior
In Fig. 5(a) the integrated emission intensity as a function of charging time is plotted, for different charging temperatures. The shape of the curve is very temperature dependent. Below 230 K the integrated emission intensity remains nearly constant during the excitation, while for higher temperatures a monotonic increase of the integrated emission intensity towards an equilibrium value can be observed. The higher the temperature, the faster this increase and the lower the final equilibrium value. The monotonic increasing shape is often 085147-8 referred to as "charging behavior" of a persistent luminescent phosphor, being the competition between the steady state luminescence and the filling of traps. However, at low temperature where this charging behavior seems absent based on the shape of the emission intensity curve, charging of the phosphor does occur, as a significant TL glow curve is measured afterwards [ Fig. 5(c) ]. Ascribing the monotonic increasing shape solely to the competition between the (emissive) photoluminescence and the (nonemissive) trap filling of the persistent luminescent phosphor is thus inadequate. What is then the cause of the monotonic increase during the excitation?
The luminescent emission upon excitation of persistent luminescent phosphors is comprised of both regular PL emission and emerging afterglow emission. It is obvious that the afterglow emission does not suddenly start when the excitation source is switched off; it is already present during the excitation. As soon as electrons get trapped at the very start of the excitation they can get detrapped (depending on the thermal energy available) and cause afterglow emission. The trapping of the electrons occurs at a higher rate than the detrapping so there is a fast buildup of the number of filled traps and an associated increase of the afterglow emission. The monotonic increase of the integrated emission intensity during excitation is thus largely related to the increasing afterglow emission. A good measure for the increase in integrated emission intensity being caused by the afterglow is provided by the afterglow emission intensity immediately after switching off the excitation source. This can be seen in Fig. 10 , in which the charging curve upon excitation with 435 nm and afterglow curve (at 293 K) are shown. The increase in emission intensity upon charging of the phosphor is indeed comparable to the amount of afterglow emission immediately after switching off the excitation source. It can also be seen that near the end of the excitation, where the charging curve reaches a constant regime, the emission is composed of both PL (20%) and afterglow (80%), with the latter clearly dominating.
This hypothesis on the origin of the monotonically increasing charging curve is also able to explain why at temperatures lower than 235 K the integrated emission intensity remains nearly constant or even slightly decreases during excitation. Although there is trap filling at these low temperatures (witnessed by the TL emission), there is not enough thermal energy to release electrons from their traps during the excitation [cf. the absence of afterglow at these temperatures (Fig. 5(b) )].
The decrease of the charging curve, albeit limited, is explained by the reduction in the concentration of divalent Eu ions, as certain Eu 2+ ions lose their electron towards traps, turning them into Eu 3+ ions with low absorption strength. As a result, the incoming light will cover a longer path length before absorption, leading to increased scattering losses. In addition, the resulting steady state emission also has a lower chance to effectively leave the phosphor material.
Upon excitation with 435 nm light, the charging curves [ Fig. 5(d) ] are similar to those in Fig. 5(a) although already for temperatures below 255 K the charging curves show no increase. This implies that at these temperatures there is no afterglow upon excitation with 435 nm, whereas there is afterglow (albeit very limited) upon excitation with 370 nm, hinting at filling of different trap distributions for the two wavelengths.
D. Efficiency of the persistent luminescence
From the inset in Fig. 4 it was seen that upon excitation with 435 nm at a temperature of 293 K the integrated intensity of the green emission band in SrAl 2 O 4 :Eu,Dy is only 70% of the emission intensity at lower temperature (i.e., below 200 K):
As the genuine thermal quenching for the green emission only sets in well above 293 K, the deficit in intensity at 293 K must have another origin and can be related to the afterglow process. Indeed, it is reasonable to assume that not every trapped electron will effectively yield radiative recombination at the ionized europium center once it has been thermally released. Consequently, we can define the quantum efficiency of the afterglow process as the number of emitted photons in the afterglow regime divided by the number of trapped charges. From Fig. 10 and the discussion above we know that at 293 K the total emission is comprised of both PL (20%) and afterglow (80%). Because of the very slow heating rate in Fig. 4 , it is reasonable to assume that we are constantly in the regime where the charging has reached its maximum value, meaning an equilibrium between trapping and detrapping of electrons. We can thus write for the emission intensity of the steady state luminescence I PL (which does not involve trapping and detrapping) and the afterglow related emission intensity I AG : to possible errors in the thermal quenching measurement or in deducing the fractions of PL and afterglow. It must be noted that the efficiency of the persistent luminescence might show variation as a function of temperature if other processes, such as thermal quenching, start to play a role. Given that persistent phosphors are commonly used in isothermal conditions (at room temperature), this is an important result for the assessment of the efficiency of a persistent phosphor. Figure 11 shows the TL curves of SrAl 2 O 4 :Eu,Dy after 15 min charging and subsequent 30 min afterglow at 253 K using 435 nm light (solid line) and 370 nm light (dotted line) for the charging. Comparing the two TL curves, one can see that they peak at significantly different temperatures: After charging with 435 nm, the TL peak is located at higher temperatures, hence relatively deeper traps are filled than after charging with 370 nm. At the low-temperature side of both TL curves a shoulder at 275 K can be seen. At the temperature where the dotted curve reaches its maximum (305 K) a faint shoulder in the solid curve can be seen. This apparent substructure in the broad TL glow curves clearly hints at the presence of a trap depth distribution in SrAl 2 O 4 :Eu,Dy.
E. Thermoluminescence and afterglow behavior
The differences in the TL glow curves after excitation with 370 and 435 nm are also reflected in the afterglow behavior. Comparing the afterglow curves after excitation with these wavelengths [Figs. 5(b) and 5(e)], a few subtle differences were observed. After charging with 370 nm, the initial afterglow intensity (immediately after switching off the excitation source) is a little higher but the decay of the afterglow is much faster when compared to the afterglow intensity when charged with 435 nm. A second difference is noticed at low temperatures (T < 243 K): After charging with 370 nm light a faint afterglow can be measured immediately after switching off the excitation source, whereas no afterglow at all can be measured after excitation with 435 nm light. Based on these differences in afterglow behavior, it seems that charging with 370 nm light preferentially fills more shallow traps, while charging with 435 nm light preferentially fills deeper traps. This is in good correspondence with the TL curves. Nevertheless, it appears that in both trap distributions, at least some similar trap depths are encountered.
F. Trapping mechanism
It is clear that the observed differences in charging, afterglow, and TL behavior at different temperatures and upon excitation with different wavelengths (370 and 435 nm) must be related to the trap filling mechanism.
The necessary information on the filling of the traps in SrAl 2 O 4 :Eu,Dy can be deduced from Figs. 6 and 7. Comparing the two figures one can see a few similarities and some striking differences. Let us first discuss the similarities. In both series the amount of afterglow as a function of temperature (blue dots) is very alike: Afterglow arises only if the temperature of the phosphor is at least 250 K; for lower temperatures there is little to no afterglow. This is not unexpected as a certain amount of thermal energy is needed to release electrons from traps. It must be noted that for 243 and 253 K the accumulated afterglow after excitation with 370 nm is a little higher than after excitation with 435 nm, indicating that more shallow traps were filled, which is in line with the observed differences in TL curves (Fig. 11) . The major difference between Figs. 6 and 7 is observed in the integrated TL signal as a function of temperature (red triangles). To discuss this difference, we distinguish two temperature regions: the low-temperature region from 193 K up to 223 K and the temperature region from 253 K up to 323 K. In the lower range (and probably for even lower temperatures as well) apparently no traps get filled upon excitation with 435 nm, whereas upon excitation with 370 nm a significant amount of traps get filled. In the higher range the situation is different, as excitation with 435 nm results in significantly more traps being filled (almost twice the amount) than after excitation with 370 nm.
From the above discussion, it is clear that trap filling is thus both dependent on temperature and on the excitation wavelength. For the trapping process, we can discern two steps. During the first stage the 5d electron of the excited Eu 2+ ion needs to be separated from the europium ion. The second step involves the trapping of the (released) electron at a trap level, characterized by a certain depth.
Focusing on the second step, the excitation wavelength determines what traps are finally filled, as the TL glow curves are markedly different for excitation with 435 nm (only exciting the green emitting Eu 2+ centers) and 370 nm (exciting both blue and green emitting centers), with the most outspoken difference found for the filling of the deeper traps. This immediately proves that a large fraction of the trap centers can only be accessed upon excitation of the green emitting centers. Consequently, (at least part of the) trapping is a local phenomenon, close to the Eu center from which the electron originates. This is an important conclusion, as it shows-by exploiting the fact that two emission centers are present in this material-that a large fraction of the traps are locally coupled to the europium centers. The fact that the TL glow curves coincide on the low-temperature side is not incompatible with this conclusion, as it is possible that the some traps are accessible from both the blue and green emitting centers.
Focusing on the first step of the trapping process, the temperature dependency of the trap filling means that an energy barrier needs to be overcome to transfer an electron from Eu 2+ to a trap. By means of x-ray absorption techniques, it was indeed shown that an oxidation of europium ions in SrAl 2 O 4 :Eu,Dy occurred during the charging process [34] .
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This energy barrier is most obvious in the case of excitation with 435 nm, where trap filling occurs only for temperatures above 220 K. In literature, this thermal barrier has been related to the thermal quenching behavior of the steady state luminescence: the higher the thermal quenching behavior, the less likely trap filling occurs upon excitation to the lowest 5d states of the Eu 2+ or Ce 3+ ions [35] [36] [37] . The reasoning is that a higher thermal quenching temperature is related to a larger separation between the 5d levels of the lanthanide ion and the bottom of the conduction band. Taking into account the results from the thermal quenching behavior of the blue and green emission center, as well as the results from the energy level modeling, it is more likely to observe a thermal barrier for the trapping in the case of the green emission center.
As thermal quenching of the (green) emission for this excitation wavelength occurs at much higher temperatures (T > 350 K) than the trap filling threshold temperature (T > 220 K), the thermal energy needed to overcome the energy barrier related to trap filling is considerably less than the thermal energy needed to transfer the electron from the lowest 5d level of Eu 2+ to the conduction band, supposing that this is the mechanism behind thermal quenching [31] . Although it is likely that electron delocalization occurs during the trapping process, it seems that it does not have to imply a full delocalization to the conduction band.
V. CONCLUSIONS
The origin of the green and blue emission bands in SrAl 2 O 4 :Eu,Dy was thoroughly studied and attributed to the incorporation of Eu 2+ on the two inequivalent Sr sites in the SrAl 2 O 4 host, based on the emission, excitation, and luminescence lifetime properties of both emission bands. Moreover, it was verified that the difference in spectroscopic redshift for both emission bands can be assigned to the difference in surrounding of the two Sr sites. The large difference in Stokes shift for the two emission bands is more difficult to explain, but it might be related to differences in the angular charge distribution in the first coordination sphere of the Sr1 and Sr2 sites.
Using empirical relations, a complete energy level scheme was constructed for all divalent and trivalent lanthanide ions, incorporated on the Sr1 and Sr2 sites in monoclinic SrAl 2 O 4 . Based on the position of the lowest 5d levels for Eu 2+ incorporated on the two different Sr sites, the difference in thermal quenching of the blue and green emission bands could then easily be understood.
In addition to the well-known temperature dependency of the afterglow in persistent luminescent phosphors, we now show that also the filling of traps in SrAl 2 O 4 :Eu,Dy is temperature dependent. An energy barrier needs to be overcome for the 5d electron of excited Eu 2+ ions to get trapped upon excitation with blue light. Nevertheless, the critical temperature lies well below room temperature, in contrast to other persistent phosphors [35] , which does not hamper the common applications. Additionally, a considerable difference in trap filling was shown upon charging SrAl 2 O 4 :Eu,Dy with different wavelengths. Markedly different and deeper traps were filled upon exclusive excitation via the green emitting centers, confirming the local character of the trapping. Consequently, it appears that full delocalization of the liberated electron does not occur, as then trapping could occur far away from the original europium ion, where no distinction would be made between different types of traps (with correspondingly different depths). There still remains strong debate about the chemical nature of the trapping centers. More specifically for SrAl 2 O 4 :Eu,Dy it is not agreed upon whether the Dy 3+ codopant acts as an electron trap, thereby becoming Dy 2+ [15] [16] [17] 38] . Based on the shape of the TL glow curves, it is clear that SrAl 2 O 4 :Eu,Dy contains different trap centers, with different associated trap depths. Clearly, intrinsic defects play a role, judging on the occurrence of afterglow in SrAl 2 O 4 :Eu, without codopants. Based on the energy level scheme for the divalent lanthanides (Fig. 9) , the position of the Dy 2+ ground state is compatible with a trap depth relevant for the occurrence of afterglow emission around room temperature. Depending on the Sr site dysprosium substitutes for, a difference in trap depth of about 0.1 eV is found for Dy 3+ on both sites. Given the apparently local nature of the trapping, clustering of europium and dysprosium on specific lattice sites could explain the difference in trap depth distribution upon excitation with blue or near-UV light. Obviously, further research is needed to substantiate this hypothesis.
In our experiments, we combined charging, afterglow, and TL measurements in the same run, which for instance allows one to get an absolute comparison between afterglow and TL. Furthermore, it gives an indication about the total number of trapped charges. Using such an integrated approach thus seems an advantageous strategy to gain deeper insight into the trapping and detrapping processes of persistent phosphors. As all three parts in these experiments are manifestations of the same underlying processes (continuous filling and emptying of the trap distribution), the obtained information from the three parts can be combined. Future work will deal with deriving a relevant trap distribution to simultaneously explain all three processes, with the same underlying trap distribution. Combined with assumptions on the trapping and detrapping processes, the derived model should also be able to predict the influence of, for instance, the excitation intensity and the temperature at which the excitation was performed, while using the same model parameters.
For persistent luminescent phosphors, the ability of recording TL glow curves starting below room temperature is a great advantage. For these materials already sufficient thermal energy is available to empty filled traps at room temperature. Therefore, measuring TL glow curves from temperatures well below room temperature is a must to have the correct insight into the entire shape of the TL glow curve and the underlying trap depth distribution. It also explains why, at room temperature, the largest fraction of the emission during excitation is composed of afterglow related emission, for which trapping and detrapping had occurred.
Finally, a method to determine the quantum efficiency of the persistent luminescence was introduced. At 293 K, it turns out that 65% (+/−10%) of the trapped electrons eventually give rise to afterglow emission. Consequently, when using phosphors for color conversion in white LEDs, it seems advantageous to avoid the presence of afterglow, as the process
These distances give a measure for the size of the coordination polyhedron, adapted for the relaxation which originates from the substitution of a lanthanide ion on the site of a metal ion with a different ionic radius, R Ln and R M , respectively. d is the arithmetic average of the bond lengths in the undoped crystal. The constant f measures the strength of the lattice relaxation and is typically chosen in the range of 0.5-0.7. Here f = 0.6 was taken, and R Sr2+ = 1.32Å and R Eu2+ = 1.31Å were used [23, 39] . Crystallographic data on the two Sr sites are summarized in Table II [43, 44] .
The redshift values of both excitation spectra were determined by taking the point where the intensity equals 20% of the first maximum of the overlapping staircase structure which originates from the splitting of the underlying 4f 6 ( 7 F) term. This yields a good estimate of the location of the lowest 4f 6 ( 7 F 0 ) level [43, 45] . Obtaining accurate experimental values for the 5d crystal field splitting of Eu 2+ is a tedious undertaking for low coordination symmetries. In this particular case, the 4f 6 5d 1 level is split by the crystal field into five bands which strongly overlap due to the energy level structure of the remaining 4f 6 configuration. Hence, a broad and relatively featureless band is obtained, which is, for instance, in contrast to the case of Ce 3+ , having only a single 4f electron in the ground state [32] . In the case of SrAl 2 O 4 :Eu 2+ , an estimate of the crystal field splitting can nevertheless be made since fundamental absorption only becomes significant at 6.50 eV and therefore does not appear in the part of the excitation spectrum that is related to 4f 7 → 4f 6 5d 1 absorption due to the Eu 2+ impurities [46] . In analogy with the low energy side, the point where the intensity is 20% of the maximum of the staircase structure is selected to pin the highest 4f 6 ( 7 F 6 ) level. By subtracting both values, an energy difference is obtained which equals the crystal field splitting combined with the total splitting energy of one 4f 6 ( 7 F) term. This can be accurately approximated by using the splitting energy of the 4f 6 ( 7 F) term in Eu 3+ , being 0.62 eV [43, 44] .
Once the experimental redshift and crystal field splitting are determined, the experimental centroid shifts can also be calculated with Eq. (B1). A value of c (Eu 2+ ,free) = 1.12 eV was used, based on the energy scheme constructed by Sugar and Spector [28, 47] . It can be assumed that r(Eu 2+ ,A) is equal for both lattice sites. A point charge model was applied to verify this [48] . 
In these expressions, α sp and β Q poly are empirical parameters, introduced by Dorenbos [49, 50] . Equation (B3) was originally introduced for Ce 3+ , but the theoretical basis for this empirical relation is more generally valid for 4f N 5d 1 configurations as was derived by Morrison, based on a suggestion of Judd [50, 51] .
From the crystallographic data of SrAl 2 O 4 (Table II) and the above algebra, it can now be verified whether it is plausible that the two different redshifts originate from incorporation of Eu 2+ on the Sr1 and Sr2 sites. For this, the assumption is made that α sp , β Q poly , and the expectation values r 2 are equal for both lattice sites and the difference in redshift is thus the mere consequence of the difference in bond length. This yields
Regardless the simplicity of the model, these calculated ratios are in good correspondence (deviations of only 0.07 and 0.06) with the experimental ratios for the green and blue emission bands. Therefore, it is certainly plausible that the different spectral features are the consequence of the small but significant difference between the two lattice sites. The green emission band is attributed to the Sr1 site, and the blue emission to the Sr2 site. The obtained energy level scheme is displayed in Fig. 8 . Herein, the relative locations of the five 4f 6 5d 1 levels after crystal field splitting were estimated with a point charge model [48] . A good qualitative correspondence with the experimental spectrum is observed, when adding up all the different sublevels. Represented in this way, it is also clear that upon excitation into higher excited levels, the multitude of sublevels leads to a quick relaxation to the lowest excited state, even at low temperature. Hence, the hypothesis that the blue emission originates from emission starting at higher excited states can be discarded. In addition, the clear differences on the high energy side of the excitation spectrum point at a different origin of both emission bands as well.
APPENDIX C: ENERGY LEVEL SCHEMES FOR LANTHANIDES IN SrAl 2 O 4
The goal is to construct a complete energy level scheme for all divalent and trivalent lanthanide ions on the Sr1 and Sr2 sites of SrAl 2 O 4 . This is done in the framework of the chemical shift model [52] . The chemical shift of a lanthanide ion is defined as the difference in vacuum referred binding energy (VRBE) of the ion in the host material and in free space. 
The numbers in the denominator are empirical parameters. To determine U (Eu,A), the centroid shift of Ce 3+ in the same compound should be known. The luminescence of Ce 3+ in SrAl 2 O 4 was described by Jia [54] . In the PL emission and excitation spectra, two clearly different features were observed and ascribed to incorporation of Ce 3+ on the two different Sr sites in SrAl 2 O 4 . Analogous to the Eu 2+ case, the spectral component with the largest redshift is assigned to the Sr1 site. This component shows the smallest crystal field splitting and the largest centroid shift, as in the Eu 2+ case. The derived values for the centroid shift are then 2.65 and 2.23 eV, for Ce 3+ on the Sr1 and Sr2 sites, respectively, and can be used to calculate the chemical shifts.
There are two possibilities to construct the so-called zigzag curves in the energy level schemes, representing the ground state energies for the divalent and trivalent rare earth ions. One could use the values of E(Ln,Eu,Q), reported at multiple places, for example in Ref. [42] . These values define the energy difference of the binding energies of the 4f N ground states for the lanthanide ions (charge Q), with respect to the 4f N ground state of europium. These values represent mean values, obtained from a multitude of host materials. Another possibility stems from the chemical shift model, in which a relationship is established between the chemical shift and the contraction tilt parameter. This contraction tilt parameter allows one to calculate the energy differences E(Ln,Eu,Q) which are specific for a certain host material (or more correct, for a certain lattice site). For more details, we refer to Ref. [52] . 
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Now, the VRBEs of the divalent and trivalent lanthanides are available. In order to relate this to the valence (VB) and conduction bands (CB) of the host, additional information is necessary. Most often, the location of a charge transfer (CT) band of a trivalent lanthanide is used to probe the distance between the top of the valence band and the 4f N ground state of the divalent lanthanide [55] . In this specific case, we have two nonequivalent optical centers in the same host. Therefore, VB and CB should for both calculations be located in the same position with respect to the vacuum. This condition pins, in turn, the difference in CT energies for the Ln 3+ on the Sr1 and Sr2 sites. If Eu 3+ is considered, the energy difference is calculated to be 0.08 eV.
In SrAl 2 O 4 :Eu 3+ , only one CT band is observed, peaking at 276 nm (4.49 eV) (Fig. 12) . It is expected that this broadband is composed of the two components, as calculated above, albeit with a small energy difference of 80 meV, corresponding to 5 nm at 276 nm. Due to the intrinsic high widths of CT bands, this seemingly leads to a single CT band in the experimental spectrum. Consequently, the ground states of Eu 2+ are found to be 4.53 eV (for Sr1) and 4.45 eV (for Sr2) above the top of the valence band. Finally, the energy level scheme can be completed by merging all calculated values, and taking the band gap of SrAl 2 O 4 into account [46, 56] .
